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Computational details
We use the same first-principles approach as in Ref.1, i.e., DFT with the Perdew-Burke-
Ernzerhof (PBE)2,3 exchange-correlation furnctional including Grimme-D3 empirical 
corrections for long range London dispersion (van der Waals attraction)4 in the Becke-Johnson 
analytic form5, i.e. PBE-D3(BJ). Small differences in the energetics with respect to Ref.1 are 
due to the fact that here we use consistently the VASP code6 for both gas-phase and surface 
species instead of the Jaguar code for gas-phase molecules as in Ref.1 and we have streamlined 
the reaction network of 26 states to 21, thus leading to small differences in the predicted rates 
of ammonia production. The electron partial occupancies were determined using the 
tetrahedron method with Blöchl corrections. We established that an energy cutoff of 600 eV 
leads to converged energies, forces and geometries. In all calculations we used the energy 
convergence of 10−6 eV for terminating electronic self-consistent field (SCF) and the force 
criterion of 10-3 eV/Å. The K-point sampling was chosen to be 4 × 4 × 1 in which z direction is 
the vacuum direction. All calculations are spin-polarized. The PBE-D3(BJ) calculated lattice 
parameter is 2.807 Å for the bulk Fe bcc structure at 0 K. We use a slab model with 6 Fe layers, 
of which the top 3 layers are allowed to relax, with the bottom two layers fixed. We include 15 
Å of vacuum in the z direction to minimize possible interactions between the replicated cells.
For the phonon calculations we use density functional perturbation theory (DFPT) to calculate 
the phonon density of states and 10-6 eV energy convergence threshold. The same procedure 
was applied for the transition states free energy correction. We note that some of the 
frequencies correspond to hindered translational or rotational modes, for which the harmonic 
oscillator description is less accurate. In these cases, namely NH3 and N2 desorption 
calculations, we use zero point energy (ZPE) corrections only. The entropy estimation of gas 
phases from the harmonic approximation can be improved using other approaches,7 but in the 
present HB case these corrections are important only for the NH3 adsorption/desorption 
processes, which in our screening we do not find to be rate-determining.  
A xlsx file with all raw energy data is also provided as further Supporting Information.
Finally, the screening criteria when empirical corrections are applied as described in Section 
3.b of the main text are as follows:
barrier(1) = E{4N → 2N[zig-zag] + N2} – 0.358 eV
constraint :  E{2N_N2[γ,zig-zag] → 2N[zig-zag] + N2} > 0.5 eV
barrier(2) = E{2N_2H[linear2] → 2N[zig-zag] + H2} + 0. 113 eV
barrier(3) = E{4N + 3½ × H2 → 2N_NH3_H[zig-zag] + NH3} + 3.340 eV
barrier(4) = E{4N + 3½ × H2 → 2N_NH3_H[zig-zag] + NH3} + 3.2955 eV
barrier(1-4) = barrier(1-4) + max{E{4N[subsurface-dopant]→4N[surface-dopant]},0}
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4N, 2N[zig-zag], 2N_N2[γ,zig-zag], 2N_2H[linear2], 2N_NH3_H[zig-zag], 4N[subsurface-
dopant], 4N[surface-dopant] correpond to the configurations discussed in the main text. N2, H2 
and NH3 refer to the gas phase. “E” refers to the electronic energy difference between the 
states after arrow and states before arrow. “max” refers to the maximum function between the 
two numbers in the bracket. “barrier(1-4)” refers to the the maxium barrier for steps 1 to 4. The 
energy values in barrier (1) to (4) were computed based on the free energy corrections of pure 
Fe(111) surface. The barrier values (1) to (4) corresponds to the energy barriers values in 
Figure 1(a) for pure Fe(111) surface.      
In silico strategy for doped Fe(111) catalysts for HB synthesis. 
In criterion 1, a component of the largest barrier is due to N2 adsorption on 2N[zig-zag] to give 
2N_N2[γ,zig-zag], i.e., N2 adsorbed on a top site of the Fe(111) surface (we name it “γ” state in 
keeping with Refs.1). This barrier is the sum of the reaction free energy (0.08 eV) plus the 
desorption enthalpy of N2 from 2N_N2[γ,zig-zag]1,8. We expect this component to be roughly 
constant upon variations of the N2 adsorption energy. We also note that there are three possible 
doping sites for 2N_NH2_H, three doping sites for 2N_N2, and only one doping site for 2N 
(Figure 3). We used the doping site associated with lowest-energy for 2N_NH2_H to estimate 
barrier(1).
In criterion 2, we note that there exist 2 different 2N_2H[linear] structures, that we name 
2N_2H[linear] and 2N_2H[linear2], see Figure S2(c,d). 2N_2H[linear] is electronically less 
stable than 2N_2H[linear2] at 0 K but becomes more stable after including entropic corrections 
at 673 K. We use 2N_2H[linear2] as the reference structure in HTS because of its lower 
electronic energy.
In criterion 3, note that we use the 2N_NH3_H configuration, rather than 2N_NH3, which is 
also involved  in the NH3 desorption barrier of the next step: this suggests that the third and 
fourth criteria might be merged, but we keep them separate because they are physically 
different and could be formally distinguished using alternative screening criteria for barrier(3), 
such as the energy difference between 2N_NH2_H and 2N_NH2_2H configurations plus the 
barrier for the “2N_NH2_2H → 2N_NH3_H” step.
In criterion 5, the stability estimation could be improved and made more precise by considering 
the E of the inverse-segregation process for the resting state of each barrier and add it to that 
barrier, but the present choice should be sufficient for a first quick screening (we recall that 
under steady-state conditions the most abundant surface configuration exhibit only a partial 
coverage by NHy-species, such as 2N_NH2_H or 2N_2H, see Table 2 in Ref.1).
Overall, the above analysis and results can be summarized into the rationale that the optimal 
dopant elements should decrease the stability of the resting states (i.e., 2N_NH2_H or 4N 
configurations) with respect to the active states of the catalyst involved in the absorption and 
dissociation of N2 (the 2N[zig-zag] configuration) as well as the barriers in the hydrogenation 
of NHy-adsorbed species to NH3, and should also not increase sensitivity to hydrogen 
poisoning nor hinder the desorption of NH3.
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kMC simulations. 
Rate constants of individual steps are derived from transition state theory as 
(kBT/h)exp(−ΔG†/kBT), where ΔG† is the difference in free energy between the starting state 
and the saddle point, kB and h are the Boltmann constant and Plank constant, and T refers to the 
temperature. For reactions involving adsorption of gas-phase species, we use transition state 
theory for the reverse desorption process, and we invoke microscopic reversibility principle to 
calculate the rate of the direct process. We used 20 independent replicas and 2 × 109 kMC steps 
each (checking that the results are converged within 5% with respect to a test case using 100 
replicas and 2 × 1010 kMC steps) for a total simulated time of 530 s (pure Fe surface) and 3702 
s (Rh-doped surface), under conditions of T = 673 K, P(H2) = 15 atm, P(N2) = 5 atm, and 
P(NH3) = 1 atm. 
Energy diagram of Rh-doped Fe catalyst
Figure 4 displays the reaction energy diagram of Rh-doped Fe system. Here we just discuss the 
three highest-energy states which play the most important role in determing the reaction rate in 
kMC model.
(1) 2N → 2N_N2[γ,zig-zag] (N2gas → N2 triple bonded, top layer). This step involves N2 
adsorption (G† = 1.44) and its resting state is 2N_2H[linear] (linear configuration, Figure S2) 
with G = −0.18, together making this barrier 1.44 + 0.18 = 1.62 in kMC. 
(2) 2N_N2 → 4N(N2* → N* + N*) G† = 1.43 is the highest barrier along N2 dissociation, 
see SI Figure S7. This involves a complex reaction pathway: triple-bonded N2 adsorbed on 
top of first layer Fe (σN N−T or γ) → triple-bonded N2 adsorbed on the second layer (σN≡
N−S or δ) → double-bonded N2 to a bridge site (πN=Nη2 or α) → single-bonded N2 at a 3-≡
fold site (2πN−Nη3 or α′) → the dissociated state 4N (β) (Figure S7). The maximum barrier is 
1.43 ev from the α′ → β. All the barriers in the N2 dissociation are considered in the kMC 
model.
(3) 3N_NH2_2H → 3N_NH3_H (NH2* + H* → NH3*). This step involves hydrogenation or 
H migration (G† = 1.41) and its resting state is 3N_NH2 with G = 0. Therefore, this barrier is 
1.41 in kMC.
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Figure S1. Alternative illustration of the screening protocol as applied to ammonia synthesis 
over a singly, surface-substitutionally doped Fe(111) surface. Screening criteria are indicated in 
colors as in Figure 2 of the main text.
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Figure S2. Schematic illustration of: (a) “linear” and (b) “zig-zag” configurations for the 2N 
system; and (c) linear and (d) linear2 configurations for the 2N_2H system. The 2N_2H[linear] 
structure is higher in electronic energy by 0.12 eV than 2N_2H[linear2]. However, the free 
energy of 2N_2H[linear] is 0.02 eV lower than that of 2N_2H[linear2] at 673 K. The atom 
color coding is the same as Figure 3.
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Figure S3. Analysis of atomic charges and spins for selected configurations. On top of surface 
atoms, the above number (bold face) and the bottom number (italics) are the charge and 
magnetic moment (in μB), respectively. The atom color coding is the same as Figure 3.
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Figure S4. Surface structure for reaction steps in Figure 4. Every intermediate and transition 
state (TS) structure is geometrically optimized (or constrained optimized for TS) with the 
results summarized to illustrate the adsorption sites for various species, and interaction between 
these adsorbed species. Only 4 TS structures with the highest free energy barriers are shown. 
The atom color coding is the same as Figure 3.
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Figure S5. N2 dissociation steps on Rh-doped Fe(111) surface. The free energy (in eV) are 
listed below the status, and evaluated at 673 K, P(H2) = 15 atm, P(N2) = 5 atm, P(NH3) = 1.0 
atm. The atom color coding is the same as Figure 3.
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Figure S6. DFT/PBE-D3 free energy diagram for ammonia synthesis over a (2x2) unit cell of 
the Fe(111) surface, modified by including semi-empirical corrections as described in the main 
text, and evaluated at 673 K, P(H2) = 15 atm, P(N2) = 5 atm, P(NH3) = 1.0 atm. As in Figure 1 
of the main text, the barriers selected for high-throughput screening are highlighted in color and 
numbered. Free energies in eV.
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Figure S7. Pictorial illustration of (A) Table 1 of the main text, and (B) the same Table as 
modified by including the empirical corrections discussed in Section 3.b of the main text. 
Barriers of rate-determining steps in ammonia synthesis over pure and doped Fe(111) surface 
are estimated via the Brønsted–Evans–Polanyi (BEP) principle. Barrier-5 corresponds to the 
maximum of barrier(1-4) plus the stability penalty term. Rightmost column is the expected NH3 
production rate per (2x2) unit cell per second. Free energies in eV.
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Table S1 Top rows – Per cent of populations (i.e., residence times) = ti(%), apparent free 
energy differences [evaluated as minus the logarithm of ratio of populations = Pi/P0, where P0 = 
P3N_NH2], and thermodynamic free energy differences (ΔG) for selected configurations in a pure 
or Rh-doped Fe(111)-(2x2) unit cell under steady-state of ammonia synthesis as predicted by 
kMC simulations at 673 K and different H2, N2, NH3 pressures using data from DFT/PBE-D3. 
All configurations are assumed in the zig-zag arrangement, except for “2N_2H_lin” which is 
linear. Temperature in Kelvin, pressure in atmospheres, free energy differences in eV. Bottom 
rows – NH3 molecules produced per second per (2x2) unit cell under the given conditions 
[NH3mol/s/(2x2)], total simulation time, total number of NH3 molecules produced in the kMC 
runs (total NH3mol), further partitioned into the 2 main steps involving NH3 
adsorption/desorption: 3N_NH3_H  3N_H; 2N_NH3_H  2N_H.
T=673, pH2=15, pN2=5, 
pNH3=1 – pure Fe(111)
T=673, pH2=15, pN2=5, 
pNH3= 1 – Rh-Fe(111)
T=673, pH2=6.5, pN2=5, 
pNH3=1 – Rh-Fe(111)
configuration ti (%) -ln(Pi/P0) ΔG ti (%) -ln(Pi/P0) ΔG ti (%) -ln(Pi/P0) ΔG
3N_NH2 14.8 0.00 0.00 4.3 0.00 0.00 31.0 0.00 0.00
3N_H 3.14 0.09 0.08 0.6 0.11 0.09 2.4 0.15 0.14
2N_NH2_H 62.1 -0.08 -0.05 0.6 0.11 0.12 1.1 0.20 0.22
2N 2E-5 0.78 0.80 4E-5 0.67 0.67 6E-5 0.76 0.77
4N 0.44 0.20 -0.42   4E-2 0.27 -0.36 0.7 0.22 -0.26
2N_2H 2.65 0.10 0.12 2.3 0.04 0.04 1.6 0.17 0.18
2N_2H_lin 8.5 0.03 0.06 90.2 -0.18 -0.18 60.6 -0.04 -0.03
2N_NH2_2H 8.2 0.03 0.07 1.2 0.07 0.09 1.3 0.18 0.21
NH3
mol/s/(2x2)
4.6 9.7 15.3
total time (s) 530 3702 3342
total 
NH3mol
2441 35980 50996
3N_NH3_H 
 3N_H 1231 18000 25508
2N_NH3_H
 2N_H 1210 17980 25488
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(8) An increase in N2 absorption energy on 2N[zig-zag] to give 2N_N2[γ,zig-zag] will 
stabilize the 2N_N2[γ,zig-zag] configuration, but the position of the saddle point (N2 
desorption from 2N_ N2[γ]) will be unaffected in the limit of the present approximations. 
We calculate in fact the barrier for adsorption by using the reverse process (desorption). 
Now since 2N_ N2[γ] is higher in free energy than 2N[zig-zag] by 0.08 eV, then the barrier 
will be the free energy of 2N plus 0.08 eV plus the desorption barrier. However if N2 
adsorbs so strongly that 2N_ N2[γ] is lower in free energy than 2N[zig-zag], then the 
effective barrier could decrease.
